Abstract-In this paper, a novel discrete-time modelreference based control of the tool-work-piece interaction force in a milling process has been designed. The novelty of the scheme relies on the use of a fractional order hold (FROH) instead of a ZOH to obtain the discrete model of the plant. The additional degree of freedom provided by the FROH allows improve the closed-loop behavior of the time-varying unknown system by an adequate selection of its gain, as simulation results have pointed out.
I. INTRODUCTION In this paper we extend the previous results concerning the use of FROH in tool-work-piece interaction force control of milling process to the adaptive case, leading to a fully adaptive control law. In particular, we will consider the milling machine model to be a linear plant with unknown time varying parameters which is a typical context in milling processes. Moreover, the adaptive control law is designed taking into account the potential presence of external constant perturbations. The utilization of a FROH instead of a traditional ZOH has revealed to be more useful in the adaptive case rather than in the known parameters one, through an adequate choice of the FROH gain, as simulation results have pointed out. The use of this kind of more complex hold devices is supported by the actual tendency in manufacturing environments consisting in optimizing the selection of machining parameters, through optimization algorithms, and in controlling the machining process on-line in contrast with the traditional CNC based systems, where the machining constant parameters are usually selected according to handbooks or operators´ experience leading to an 'ad-hoc' tuning of the control system.
Previous works can be found in references [1] [2] [3] [4] [5] [6] [7] . In those papers, linear and time varying parameters models are widely used. Those models are cutting parameters dependent. Then, they will be time varying when complex parts are going to be milled. For this reason, the adaptive control techniques are mainly employed to control the milling process. A successful application of the adaptive control to milling process has potential machining-time savings, among other advantages.
II. SYSTEM DESCRIPTION
The milling system under consideration has been treated in the part I of set-work article presented in this conference [8] . Then, for obvious motives it is omitted, here, the same explanation. In that paper, it is presented a continuous model of the complete milling system. The treated system is modelled as the series of decomposition of a Computerized Numerical Control, and the dynamics of the tool work-piece interaction. Due to the complexity of milling geometry which involves changes in the axial depth of cut a test work-piece profile shown by figure 1 is simulated to be milled.
The discrete controller is obtained applying a modelreference pole-placement based control design to a discrete model of the plant (3) obtained by means of a FROH with a certain correcting gain β . The FROH device is carefully explained in the first part of the work [8] . Then, it is remitted to it for more detailed explanation.
To finalize this section mention that the typical second order model reference used in the two papers set work is illustrated in the first part of the work [8] . 
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III. ADAPTIVE MODEL FOLLOWING CONTROLLER
The adaptive control algorithm is obtained by adding a RLS estimation algorithm simultaneously running in parallel with the control law. As the following figure depicts:
is the feed-forward filter from the reference signal, There is an extensive literature which carefully explains the algorithms here developed, for example [9, 10] , and prove the robustness of the adaptive law [11, 12] . The novelty of the control relies on the use of fractional order holds instead of the usual ZOH appearing in the manufacturing literature. In this paper, the correcting gain of FROH − β is handled to show that the system transient response can be enhanced respect to the use of ZOH. This can lead to avoid overloading of the insert, because the maximum removed chip-thickness would not increase the principal tensile stress in the cutting wedge beyond the ultimate tensile strength of the tool material, this can also lead to prevent fracture of the shank, and fulfill the machine tool requirements, such as power and torque availability [4] . Moreover, if the reference force is selected near the tool breakage limit, the large overshot lead to tool breakage [4, 13, 14] . Then, if the overshoot of the system response is reduced, the reference force can be increased, improving the time production requirements. The initial parameter vector has the ability that if it is near to the real values of the plant, the transient response of the system will be smooth and feasible. In contrast, if the initial value of the parameter vector has been selected in arbitrary manner the transient is normally oscillated with a great maximum overshoot and large setting time. In any case, fractional order holds can help to reduce large overshoots.
On the other hand, there are abruptly overshoots in the output when the axial depth of cut changes suddenly. It is due to the intrinsic structure of the closed-loop output. It is not the main purpose of this paper reducing or avoiding these jumps. But, in that case, some 'a priori' information about the work-piece geometry is required to design a successful control, as in [4] , where a CAD model of the work-piece is used to modify the control command when T is the discretized time of the computer, p T is the The cost function calculates a good approximation of the area between the continuous system output and the continuous model reference system response. The smaller this area is, the smaller cost function will be. It leads to choose an adequate value of β which achieves the best output transient response behavior. Figure 9 shows the cost function value when β value of the discrete controllers varies for the case where external perturbation does not act. In the figure it can be appreciated that, the use of β -value near to -0.4 leads to minimum values of the cost function. It concludes that better system transient responses will be achieved if the adaptive control algorithm is designed utilizing a FROH respect to the usual ZOH using in the manufacturing literature.
The cases when 6 . 0 − < β have not been taken into consideration because the plant is non-minimum phase. In those cases, 'a priori' knowledge about the system zero is needed to implement a successful control. Information about this case can be found in [11, 12] .
V. CONCLUSION
In this paper an adaptive model following force control scheme has been proposed to deal with unknown timevarying milling systems in the presence of external perturbations. The novelty of the control scheme relies on the use of FROH instead of the usual ZOH appearing in the manufacturing literature. The FROH provides an "extra degree of freedom", which can be manipulated by the programmer to obtain a better transient response as the simulations have pointed out being then confirmed by the proposed cost functional. There is not a rule of thumb to select the adequate β value, only operators´ experience can help to select a satisfying value of β , for a range of working cutting parameters.
On the other hand, the general FROH hold can be implemented by means of ZOH holds, which make this approach fairly feasible to be implemented in the manufacturing industry. Then, an easily implemented device can lead to save machining time in the production, avoid some process malfunctions or damage the tool less than if just a ZOH device is used.
